Introduction
Preterm infants in the neonatal intensive care unit are exposed to prolonged, inescapable stress. They are separated from their mothers, mechanically ventilated, handled repeatedly by strangers, gavage-fed, exposed to repeated painful procedures such as suctioning and blood drawing, and frequently undergo periods of oxidative stress such as hypoxia followed by hyperoxia (apnea). Morphine sulfate is often used to ameliorate neonatal stress in mechanically ventilated infants, but such treatment is controversial because of its questionable efficacy in lowering stress scores [1, 2] , side effects [3, 4] and the lack of consensus on appropriate analgesic doses [5, 6] . Morphine treatment may have additional effects in the newborn, affecting both immune function [7] [8] [9] [10] and neurodevelopment [11] . In order to study the developmental consequences of neonatal stress and morphine therapy, we designed a rodent model that incorporates repeated maternal separation, drug injection, oxidant stress, gavage feedings and incidental handling to mimic the human neonatal intensive care experience [12, 13] . To target the period of brain development of interest (24) (25) (26) (27) (28) (29) (30) weeks of gestation in humans), mice were stressed from postnatal day 5 (P5) through P9 [14] . We previously found that these neonatal treatments produced enduring reductions in adult arousal and disrupted learning [12, 13] . These findings raise additional concerns about the lasting effects of neonatal stress and opiate use on neurodevelopment and cognitive function.
In adult animals, stressors such as trauma, social defeat and neuropathic pain can each trigger dynorphin release [15, 16] . Dynorphin is an endogenous opioid peptide with a selective affinity for the kappa opioid receptor (KOR), a key mediator of the stress response [17, 18] . There are 3 types of opioid receptors, kappa, mu and delta, each with specific functions. Dynorphin peptides have limited analgesic activity compared with mu-selective opiates [19, 20] ; KOR agonists, however, stimulate dysphoria and distress [21, 22] . In rodents, KOR agonists reduce self-administration of cocaine and morphine [23, 24] , and disrupt the cocaine-mediated elevation of dopamine and place-preference learning [25, 26] . Inescapable stress enhances opiate and psychostimulant self-administration [27] [28] [29] , but the effect can be prevented by a disruption of KOR signaling [17] . KOR antagonism also prevents the aversive behaviors triggered by repeated swim or foot-shock stress, thus supporting the hypothesis that KOR signaling mediates stress-induced dysphoria in adult mice [19, 23, 24] .
We hypothesized that the sedative effects of morphine would suppress the adverse effects of stress and reduce the activation of the dynorphin/KOR stress-response system in the brain [24] . The distribution and function of KORs in a neonatal mouse brain have not been previously studied. Therefore, the principal objectives of this study were to, firstly, characterize the anatomic and cellular distribution of functional KORs in the developing mouse brain, and then to determine whether neonatal stress with or without morphine treatment alters KOR signaling. We used wild-type C57BL/6 mice and prodynorphin knockout animals (Pdyn -/-) to determine the individual and interactive effects of stress and morphine, and to begin to determine the mechanisms of such responses. We found that the dynorphin/KOR system was functional in neonatal mice, but contrary to our prediction, morphine synergistically increased the adverse effects of stress exposure.
Methods

Animals
Adult wild-type C57BL/6 mice were purchased (Harlan, San Diego, Calif., USA) and housed under a 12-hour light-dark cycle with free access to food and water. Breeding was performed with 2 females per cage. Birth was recorded as P1, and the treatments were begun on P5. Litters were culled to a maximum of 7 mice per dam. Mortality and weight were monitored. All animal procedures were approved by the University of Washington's Animal Care and Use Committee. Pdyn -/-mice maintained on a C57BL/6 genetic background were generated and bred in the University of Washington's vivarium by methods previously described [17] .
Treatment Groups
On P5, in order to examine the effects of neonatal stress and morphine, pups were distributed and earmarked to create 5 treatment groups: (1) untreated control (dam-reared, no handling), (2) saline-injected control, (3) morphine-injected control, (4) stressed with saline injections, and (5) stressed with morphine injections. Treatments were performed daily from P5 to P9. Experiments were done separately using cohorts of wild-type and Pdyn -/-animals.
Untreated control animals underwent minimal handling on P5 and at euthanasia on P9. Groups 2-5 received 10-l injections subcutaneously of either saline or morphine twice daily at 08: 00 and 15: 30 h. The morphine (Baxter, Deerfield, Ill., USA) dose was 2 mg/kg in a 10-l volume, based on the average daily litter weight. This dose produces circulating morphine levels that approximate the range measured in human preterm infants who are given intermittent or continuous intravenous morphine infusion [12] . Stressed pups (groups 4 and 5) were separated daily from the dam and isolated in individual containers in a veterinary warmer at 32 ° C from 08: 00 to 16: 00 h, thus experiencing both maternal and littermate separation. Pups were gavage-fed 50-150 l of rodent milk substitute 3 times daily (10: 00, 12: 00, 14: 00 h) using a size 24 ! 1 stainless steel animal feeding needle (Popper & Sons, New Hyde Park, N.Y., USA). To simulate the oxidant stress of apnea, pups were exposed to hypoxia (100% nitrogen for 1 min) followed by hyperoxia (100% oxygen for 5 min) twice daily (08: 00 and 15: 30 h). Mice were then returned to the dam with their concurrent unstressed littermates each evening and allowed to nurse overnight ad libitum.
Immunohistochemistry
To determine the effects of stress and/or morphine on KOR activation, wild-type and Pdyn -/-mice were euthanized on day 5 of treatment (P9). To establish the anatomic and cellular distribution of functional KORs in neonatal mice, we injected unstressed wild-type P9 animals with the selective KOR agonist trans-3, 4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]benzeneace tamide (U50,488; Tocris, Ellisville, Mo., USA) at 10 mg/kg s.c. 30 min prior to death. Mice were anesthetized with isoflurane (Sigma, St. Louis, Mo., USA) and transcardially perfusion-fixed using fresh 4% paraformaldehyde in a neutral 0.1 M PBS. The brains were quickly removed, immersion fixed for 3 h, cryoprotected in 30% (w/v) sucrose/PBS at 4 ° C overnight and sectioned coronally (50 m) on a sliding microtome. Sections were first rinsed in a neutral Tris buffer (3 ! 5 min), and thereafter in Tris-buffered saline (TBS, 3 ! 5 min), incubated in 2% avidin/TBS (30 min), rinsed (3 ! 10 min), incubated with 2% biotin/TBS (30 min), rinsed (3 ! 10 min) and incubated overnight at room temperature in diluted primary antibody (antibody diluent: TBS/0.1% Triton /10% NGS). The primary antibodies were a phospho-selective rabbit anti-KOR (KOR-P, 1: 200) [17, 30, 33] , a mouse anti-glutamic acid decarboxylase (GAD67, 1: 200; Chemicon, Temecula, Calif., USA) or a mouse anti-glial fibrillary acidic protein (GFAP, 1: 200; Sigma). Sections were again rinsed (6 ! 10 min), incubated (2 h at room temperature) with biotinylated anti-rabbit IgG (1: 300; Vector, Burlingame, Calif., USA) and anti-mouse Alexa Fluor 555 (1: 500; Molecular Probes, Eugene, Oreg., USA), rinsed (6 ! 10 min), incubated (2 hours at room temperature) with avidin D fluorescein (1: 300; Vector) and anti-mouse Alexa Fluor 555 (1: 500), rinsed (2 ! 5 min), air-dried, coverslipped with Vectashield (Vector) and sealed. Antibody specificity for the KOR-P antibody was verified as described previously [17, 30, 33, 34] . Control sections included incubation with no primary antibody. No staining was detected above background in the absence of a primary antibody. Alternate coronal sections from P9 wild-type control animals were stained with cresyl violet to examine brain morphology.
Immunofluorescence was photographed with a Leica SL confocal microscope (Nusloch, Germany) located at the W.M. Keck Imaging Facility at the University of Washington. A coronal slice of the anterior brain containing the cortex and nucleus accumbens was sequentially photographed for KOR-P immunoreactivity and the resulting images were assembled into a spatial representation of this region ( fig. 1 ) . A more posterior coronal slice was taken of the same brain in which the hippocampus and hypothalamus were included. Images of KOR-P immunoreactivity were taken in the same manner ( fig. 2 ) .
To determine the effects of neonatal treatment, blinded images taken from multiple brain regions of interest were saved for the quantification of differences in immunoreactivity. Images were captured using constant settings for brightness and exposure time across all study groups. Pixel intensity was measured with MetaMorph (Downingtown, Pa., USA) and quantification was based on pixel values of KOR-P or GFAP immunoreactivity.
Statistical Analysis
Univariate ANOVA was performed using SPSS software (SPSS, Chicago, Ill., USA). Both the main effects and interactions were evident and justified all subsequent post hoc comparisons. Data were expressed as means with standard error (SEM) and/or as proportional increases compared to the control. Two-tailed Dunnett's tests were used to correct for multiple comparisons using untreated animals as the control group. An alpha of p ^ 0.05 was used.
Results
KOR-P Expression and Distribution in Unstressed Neonatal Mice
To investigate the distribution of functional KOR in an unstressed neonatal mouse brain, we injected P9 animals with U50,488 and measured KOR-P. We examined 9 regions in these brains that may be affected by morphine treatment or stress exposure. These were the parietal cortex, hippocampus (CA1, CA3, molecular layer), dentate gyrus, nucleus accumbens (core and shell), hypothalamus and cerebellum. We observed that KOR-P was present in all of these regions, with variable distribution throughout the wild-type P9 brain ( fig. 1 , 2 ) .
In the anterior sections, KOR-P immunoreactivity was most intense in the sensory and motor cortex, striatum and the shell and core of the nucleus accumbens ( fig. 1 ) . In other regions, KOR-P was distributed in a widely diffuse manner. In order to characterize the cellular distribution of KOR-P, sections were double-labeled with KOR-P and GFAP or GAD67, and examined at a higher magnification. In the parietal cortex and nucleus accumbens, KOR-P labeling was not associated with astrocytes but did co-localize with GAD67-positive cells, most notably in the nucleus accumbens ( fig. 3 a-c) . In the cortex, the majority of KOR-P labeling did not co-localize with either GFAP or GAD67. Pdyn -/-mice did not exhibit KOR-P immunoreactivity unless injected with U50,488 ( fig. 3 d-g ), confirming the specificity of the KOR-P antibody.
In the more posterior sections of the brain, KOR-P immunoreactivity was observed in the parietal cortex, hippocampus, dentate gyrus, basal ganglia and hypothalamus ( fig. 2 ). KOR-P immunoreactivity was less intense in the thalamus and sensory cortex. In the hippocampus and the white matter of the cerebellum, KOR-P co-localized with GFAP-positive cells. In other regions, KOR-P co-localized with GAD67 ( fig. 3 ).
KOR-P immunoreactivity in unstressed wild-type P9 mice without U50,488 stimulation was present but less intense, particularly in the cortex, striatum, nucleus accumbens, basal ganglia and hypothalamus. The background distribution of functional KOR-mice not treated with U50,488 was more widely diffuse.
Effects of Morphine Alone
To quantify the effects of 5 days of exposure to morphine, we compared the pixel intensities of KOR-P immunoreactivity between treated and untreated neonatal animals. Table 1 shows the effects of morphine treatment compared to untreated controls on KOR-P immunoreactivity; a statistical analysis of the normalized intensity data is presented. In the regions examined, we observed a trend toward increased immunoreactivity due to the mild stress from just handling and saline injections, with an increase of 8% in KOR-P immunoreactivity in salineinjected animals and a 16% increase in morphine-injected animals over untreated mice. While these changes did not reach statistical significance (p = 0.06), they do suggest that the mild stress caused by handling and injections might increase KOR-P immunoreactivity. Morphine alone did not robustly activate the dynorphin/KOR system or produce significant changes in brain morphology.
Effects of Neonatal Stress Alone
Severe stress significantly increased KOR-P immunoreactivity in specific brain regions when compared to the control animals ( table 1 ). Multiple areas within the hippocampus were strongly affected, with the CA3 layer (95% increase), molecular layer (63% increase), CA1 layer Distribution of activated kappa opioid receptors in a wild-type P9 anterior brain. Immunofluorescent phospho-specific labeling of KOR-P in an anterior brain 30 min after stimulation with U50,488. a Individual regions were imaged (400 ! ) and assembled into a spatial representation of the anterior brain. Alternate sections were stained with cresyl violet, and fluorescent images from the same brain region were overlayed. Green fluorescence indicates the location of activated KOR. Brain regions are identified in the contralateral hemisphere: Cg = cingulate cortex; M = motor cortex; CPu = caudate putamen (striatum); AcbC = nucleus accumbens core; AcbSh = nucleus accumbens shell. b Enlargement of an individual micrograph showing specificity of KOR-P labeling to cell bodies and processes in the motor cortex. Sections with the primary antibody deleted showed no KOR-P immunoreactivity. KOR-P co-localizes to GAD67 + cells while Pdyn -/-mice do not exhibit KOR-P immunoreactivity unless injected with U50,488. a KOR-P immunoreactivity in the nucleus accumbens. b GAD67 immunoreactivity in the same region. c KOR-P co-localization with GAD67+ cells. Pdyn -/-mice exhibited no KOR-P immunoreactivity above the background ( d ) while those injected with U50,488 showed KOR-P immunoreactivity ( e ), suggesting that kappa opioid receptors remain functional in Pdyn -/-animals. f GFAP immunoreactivity for the Pdyn -/-animal injected with U50,488. g Merged image of GFAP and KOR-P co-localization. 2 ) found significant treatment effects and/or interactions for gain-matched pixel intensity data at each separate location listed. Subsequent post hoc comparisons were made using Dunnett's test to compare each group to the untreated control group (n = 4/group).
Significant differences are shown as * p < 0.05, ** p < 0.01, or *** p < 0.001. DG = Dentate gyrus; ML = molecular layer. (34% increase) and dentate gyrus (41% increase) all showing marked increases in immunofluorescence. The nucleus accumbens core (43% increase) and cerebellum (134% increase) also showed increased KOR activation. In contrast, KOR-P immunoreactivity in the cortex, nucleus accumbens shell and hypothalamus was not different in the stressed animals compared to the untreated control animals. Overall, KOR-P immunoreactivity increased by an average of 51% compared to the control animals and 38% over animals that experienced the mild stress of handling and injections.
Neonatal stress, by itself, increased GFAP immunoreactivity in the hippocampus as well. In the molecular layer of the hippocampus, a 43% increase in GFAP pixel intensity was observed in comparison to the control animals ( fig. 4 ). KOR-P co-localized with GFAP in the molecular layer.
Effects of Neonatal Stress with Morphine
Animals exposed to both neonatal stress and morphine showed the greatest changes in KOR-P immunoreactivity, indicating an interaction between stress and morphine. KOR-P immunoreactivity in the molecular layer of the hippocampus was highly affected (125% increase), which was more than the CA1 region (38% increase) or dentate gyrus (55% increase). Other substantial differences in KOR-P immunoreactivity for stressplus-morphine-treated mice (compared to control) were KOR-P and GFAP immunoreactivity increases in the molecular layer of the hippocampus in wild-type neonatal mice exposed to stress and treated with morphine. The distribution of GFAP immunoreactivity (red) and activated KOR (green) is compared in the molecular layer of the hippocampus from 5 treatment groups: untreated control ( a ), saline-injected control ( b ), morphine-injected control ( c ), stressed with saline injections ( d ), and stressed with morphine injections ( e ). Photomicrograph magnification 400 ! . f Percent change in pixel intensity for both GFAP and KOR-P in the molecular layer of the wild-type mouse hippocampus. Red bars represent the percent change in GFAP immunoreactivity, and green bars represent the percent change in KOR-P immunoreactivity in the treatment groups compared to the untreated controls. * p ! 0.05; * * p ! 0.01. observed in the cortex (100% increase), the nucleus accumbens core (58% increase) and shell (500% increase), the hypothalamus (85% increase), and the cerebellum (165% increase). In contrast to the wild-type animals, Pdyn -/-animals exhibited no KOR-P immunoreactivity under any treatment condition, including exposure to severe stress and morphine treatment. Presence of functional KOR in these animals was confirmed by stimulation with U50,488 ( fig. 3 ). This suggests that the effects of neonatal stress and morphine on KOR activation are mediated by the stress-induced release of endogenous dynorphin.
Neonatal stress combined with morphine treatment resulted in an even greater increase in GFAP immunoreactivity than stress alone. In wild-type animals, the molecular layer of the hippocampus showed a 474% increase in GFAP immunoreactivity. KOR-P co-localized predominantly to GFAP-positive cells ( fig. 4 ) . In Pdyn -/-animals, this gliotic response was even more exuberant. Unlike the gliosis in wild-type mice that was confined primarily to the molecular layer of the hippocampus,
Pdyn
-/-mice exposed to stress plus morphine treatment demonstrated extensive GFAP immunoreactivity throughout the hippocampus ( fig. 5 ), widely crossing into the granule and pyramidal cell layers.
Discussion
We have characterized the anatomic and cellular distribution of functional KORs in the developing mouse brain and shown that neonatal stress increases KOR signaling, with stress plus morphine having an even more robust effect, as evidenced by increased immunoreactivity with a phospho-specific antibody. We have also shown a regional gliotic response to neonatal stress, which is also more pronounced when neonatal stress is treated with morphine.
In wild-type animals, the kappa opioid system was active in the baseline state, but immunoreactivity increased when stimulated with U50,488. In contrast, in Pdyn -/-animals, KOR-P immunoreactivity was only evident af- ter stimulation with U50,488, indicating that the endogenous dynorphin is required for receptor activation, but does not affect receptor distribution. In adult rodents, KORs are present in both neurons and glia [27] [28] [29] , as indicated by co-localization with GAD67-positive neurons and GFAP-positive astrocytes. We showed similar patterns of co-localization during the neonatal period. A functional kappa opioid system has not previously been reported in a neonatal brain. In adult rat and mouse studies, the presence of functional KORs has been well established in the cortex, nucleus accumbens, midbrain regions and in the cerebellar cortex [30] . We have established a comparable presence of KORs in neonates.
In this study we tested whether stress, morphine or stress plus morphine affected KOR signaling. Five days of neonatal morphine treatment did not significantly alter KOR-P distribution or intensity. In contrast, 5 days of neonatal stress increased KOR-P immunoreactivity in the hippocampus, the nucleus accumbens core and the cerebellum. Stress plus morphine further increased KOR-P labeling in wild-type, but not in Pdyn -/-mice, suggesting that dynorphin is required for this stress-related increase in KOR-P signaling. Stress plus morphine treatment also induced gliosis in the molecular layer of the hippocampus of wild-type mice, with KOR-P co-localizing with GFAP. Gliosis is a hallmark of inflammation and may indicate subsequent damage. This stress-induced hippocampal gliosis is a novel finding that may indicate a vulnerability of the hippocampus to early stress-induced injury and explain corresponding learning impairments in adults. In contrast to the effect of stress and morphine on activation of KOR (dynorphin had a stimulatory effect), gliosis was exacerbated in Pdyn -/-mice, suggesting that dynorphin negatively regulates this response.
We initiated this study to investigate the role of the kappa opioid system in mediating the long-term behavioral consequences of neonatal stress exposure and early morphine treatment. An estimated 52,600 preterm or low-weight infants are born each year in the United States [31] , with the majority remaining hospitalized for weeks or even months in neonatal intensive care units. Even though caution is advised with the use of morphine in preterm infants, this drug is still commonly used as a sedative in these infants despite evidence showing that morphine analgesia is not always effective [32] , can trigger hypotension [3, 4] , and may increase the risk of a poor outcome [2, 3] . The rationale to use morphine to alleviate stress is weakened by the observations that stress scores from infants given morphine are contradictory [1, 33] and that adrenal stress response is attenuated by morphine in adult rodents, but not in neonates. There are concerns that opioids might interact adversely with stressors or perturb the natural sequence of neurogenesis.
We have shown that neonatal stress in conjunction with morphine synergistically activates the kappa opioid system, as demonstrated by the increased KOR-P immunoreactivity. Increases in KOR-P pixel intensity have previously been shown to reflect an increase in GRK3-phosphorylated KOR concentration [34] . However, the increased labeling could also reflect an increase in the activity of pre-existing kappa receptor populations. The long-term consequences of altered neonatal KOR signaling are unknown and may be important for the enduring behavioral changes we have previously reported [12, 13] . Given that KOR signaling regulates cocaine self-administration in adults, we can hypothesize that the up-regulation of KOR resulting from stress and morphine treatment may alter adult drug-seeking behavior. Dynorphin dysfunction has been implicated in drug dependence and schizophrenia [34, 35] , and dynorphin expression in limbic nuclei is directly modulated by pain and stress [36] . The gliosis associated with neonatal stress and morphine treatment appeared to be down-regulated by dynorphin, since the knockout animals showed a more exuberant gliotic response. The current report has established that the kappa opioid system plays an important role in the neonatal response to stress and morphine and may also mediate the long-term effects of these neonatal treatments on adult behavior. Future experiments are warranted to define the lasting effects of neonatal treatments on KORmediated adult drug-seeking or reward-conditioned learning behaviors.
